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INTRODUCTION 
Fatigue softening is the reduction in the tensile 
strength of cold worked metals caused by cyclic loading. 
It is usually detected by measuring the decrease in indenta­
tion hardness, tensile or compressive proof stress, or proof 
torque. This reduction in strength can be as much as 30%» 
Metals that can be fatigue softened also show an increase 
in recrystallization temperature and a sharpening of X-ray 
reflections after cyclic loading. 
Fatigue softening caused by axial tension and compression 
occurs principally in face centered cubic metals whose stack­
ing fault energy (SPE) is high enough to allow cross-slip. 
Copper, aluminum, and nickel have been examined and all show 
considerable fatigue softening. 
Fatigue softening is best understood in terms of the 
internal structure of the metal. Two major lines of thought 
have been used to explain fatigue softening. The original 
explanation was that point defects are formed during cyclic 
loading and these are involved in the softening process. The 
latest explanation is that the dislocations rearrange by cross-
slip during cyclic loading and form a sub-grain structure. 
Plastic flow can occur at a lower stress in a metal with this 
sub-structure dislocation arrangement than in the prior work 
hardened condition thus accounting for fatigue softening. 
If dislocation rearrangement is the mechanism of fatigue 
2 
softening then softening should not occur in a metal which has 
a very low SPE since its dislocations can not rearrange during 
cycling by cross-slip.' The cross-slip theory for explaining 
fatigue softening has displaced the point defect theory be­
cause of better agreement with experimental results. 
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REVIElf Oï?: PREVIOUS WORK 
Softening- and Hardening of Metals "by Fatigue Stressing 
There are several mechanical variables that affect the 
fatigue softening of metals. The ones of major importance are 
mean stress, the magnitude of cyclic loading, the method of 
loading, the magnitude of the prestress, and the number of 
cycles. 
One of the first articles on fatigue softening, published 
in 1954, was by Polakowski and Palchoudhuri (1). They used a 
unique testing procedure of push-pull stressing of cold drawn 
samples and then machining and testing compression samples 
from these materials. Fatigue softening was determined by 
comparing the compressive stress-strain curves from the cycled 
material with curves determined from cold drawn samples. They 
found softening to occur in samples of copper, nickel, and 
aluminum. They concluded that the old hypothesis of localized 
extreme strain hardening being the cause of fatigue failures 
of ductile metals could not be supported by experimental evi­
dence. However, they did not give any explanation of the 
cause of fatigue softening. 
It has been shoifn by Hein and Dodd (2) that a portion of 
the loading cycle must be in compression in order for any 
fatigue softening to occur. Table 1 summarizes a portion of 
their results for annealed high purity copper. The samples 
were prestrained to 24,000 psi by a partial tensile test and 
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then cycled in an axial push-pull fatigue machine. Softening 
was examined by continuing the tensile test and noting the 
change in flow stress after cycling. They found that in the 
appropriate stress range the amount of fatigue softening 
depends on the number of cycles applied during cyclic loading. 
Sample misalignment in either the tensile or fatigue machine 
could lead to erroneous results. 
Table 1. Fatigue softening of copper prestrained to 24000 
psi after Hein and Dodd ov. cit. 
Fatigue stress Number of Flow stress in 
range in psi cycles psi after cycling 
+ 15000 lO"''- 21,700 
+15000 5x10^ 19,300 
+ 15000 105 19,300 
-12000 to 15000 105 21,200 
-9000 to 15000 105 23,200 
zero to 15000 5 x 10^ 24,000 
Broom and Ham (3), using a test procedure similar tci that 
of Hein and Dodd o£. cit., found that the magnitude of cyclic 
loading which will cause softening of pre-strained copper is 
in the stress,range which will cause fatigue failure after 
10^ to lo"^ cycles. They also found (4) that a portion of the 
cyclic load must be in compression in order for softening to 
occur. Fatigue softening occurred at 293°K and at 78°K in 
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single crystal copper. They ruled out dislocation climb due 
to the generation of point defects by fatigue as a major cause 
of fatigue softening since the motion of point defects would 
be very small at 78°K. The surface of their fatigue softened 
samples had a well defined striation structure with much evi­
dence of cross-slip. They concluded that cross-slip was the 
fundamental process of striation formation and that striation 
formation was necessary for fatigue softening to occur. 
Olarebrough ^  al. (5) have studied fatigue hardening and 
softening of copper subjected to bending under four point 
loading. They determined hardening and softening by Vickers 
hardness tests. They also examined the specimens by X-ray 
back reflection patterns. The X-ray patterns of samples pre-
stressed by rolling consisted of continuous diffuse rings 
while those of fatigue softened material were much sharper and 
tended to form discrete spots. These results indicate that 
stress relaxation had occurred during cyclic loading. Because 
of the inhomogeneous deformation occurring during bending and 
the small number of tests run to study fatigue softening no 
further interpretation was given. 
The diamond pyramid hardness of annealed and cold-worked 
copper, subjected to rotating bending, was measured by Kemsley 
(6). He found a saturation hardness which both the cold-
worked and the annealed material approached after applying 
about 60,000 cycles of stress. The annealed material hardened 
from 35 to 75 DPH while the cold-worked material softened from 
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95 to 78 DPH. No explanation "was given for the hardening or 
softening. 
Benham (7) reported in a later paper the same results as 
given in the above Kemsley o_£. cit. article, 
Kemsley and Patterson (8) have studied fatigue hardening 
of copper single crystals by cyclic stressing to a constant 
value of plastic strain in an axial push-pull tester, 3y 
recording the maximum tensile and compressive loads and know­
ing the amount of plastic strain applied per cycle they were 
able "bo plot the maximum resolved shear stress against the 
total glide strain. They found that the shear stress at a 
given strain was directly dependent on the plastic strain 
amplitude but was always less than the value found from ten­
sile test. Thus, during alternating straining an appreciable 
fraction of the normal work hardening either does not develop 
or is reversible. For plastic strain amplitudes greater than 
0,0001 the rate of work hardening varied widely with orienta­
tion. , For orientations away from 110 , secondary slip was 
observed and it was associated with an increase in the harden­
ing rate. They also found sharp back reflection X-ray Laue 
spots for the cycled specimens while the tensile specimens 
had the usual asterism of the spots. It was concluded that 
there was an appreciable reversibility of the deformation 
process during cyclic, straining, which becomes more important 
at smaller strain amplitudes. 
Fatigue hardening and softening resulting from alternat-
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ing torsion has been reported by Wood _et a2. (9-11). They 
found softening to occur in copper and aluminum and reported 
that limited tests indicated softening in brass and low carbon 
steel. Their back reflection X-ray data (11) for copper indi­
cate that stress recovery takes place during fatigue softening 
but recrystallization does not occur. 
Certain aspects of torsion testing, as used above, should 
be considered when using this method to evaluate mechanical 
properties. When a metal is plastically def-ormed in torsion, 
residual stresses are left in it on unloading. The sign of 
the residual stresses is such that yielding in the opposite 
direction will occur when a relatively small external torque 
is applied, Fatigue softening in torsion is most pronounced 
when plastic flow occurs in both loading directions. Thus a 
portion of the fatigue softening found by torsion testing is 
probably caused by this redistribution of residual stresses, 
A similar problem of residual stresses exists for bending 
fatigue tests. 
The Effect of Cross Slip on Mechanical Properties 
Plastic deformation occurs by the movement of one plane 
of atoms over another. These slip planes are normally the 
planes with the highest density of atoms while the direction 
of slip is the direction in the slip plane in which the atoms 
are most closely spaced. Thus in face-centered cubic metals 
slip usually occurs on fill] planes and in the <110) direc­
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tions. There are four (111) planes and three [llOj direc­
tions, giving twelve slip systems. Slip is accounted for by-
motion of dislocations on the slip plane. In face-centered 
cubic metals it is energetically more favorable for the single 
dislocation to split up or dissociate into two partial dislo­
cations. These partial dislocations will repel each other 
with a force due to their elastic interactions. There will be 
a stacking fault ribbon between the separated partial disloca­
tions. This stacking fault can be thought of as altering the 
normal POO structure to a localized hexagonal close packed 
structure. The equilibrium distance between partial disloca­
tions is a result of two opposing forces: (1) the repulsive 
force due to elastic interactions and (2) the tendency of the 
metal to remain FCC rather than HOP, or the surface tension of 
the fault. This surface tension of the fault is commonly 
known as the stacking fault energy (SPS). 
One of the major mechanisms for screw dislocation motion 
is that of changing from one slip plane to another while the 
slip direction stays the same. This process is known as 
cross-slip. Dissociated dislocations cannot move from one 
plane to another, or cross-slip, but it is possible for the 
partials to recombine in a small area where cross-slip starts 
and then again dissociate on the new slip plane. There is a 
certain amount of energy associated with this constriction and 
it will form more"readily in metals of high SPS where the 
partials are the least separated. It follows that cross-slip 
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will be most difficult in metals with low SFE. The stacking 
fault energies for most face-centered cubic metals and several 
alloy systems have already been determined. 
The S?S of the copper-zinc and the copper-aluminum sys­
tems have been studied by Howie and Swann (12) and Thornton et 
al. (13) by measuring the radius of curvature of extended dis­
location nodes. These measurements are only possible for 
materials with a low SP3 which, therefore, have dislocation 
nodes with a large radius of curvature. These systems have 
only been studied between 1.10 and 1,40 electron-to-atom 
ratios by this method. These systems have also been studied 
by X-ray measurements of their stacking fault frequency (14), 
The stacking fault frequency expresses the fraction of slip 
planes that are faulted and is thus inversely related to the 
SPE, It is determined by the shift of certain X-ray peaks 
resulting from coldworking. 
The SPE as determined by Howie and Swann (12) and as 
corrected in the manner suggested by Thornton et 82, (13) are 
shown along with the normalized stacking fault frequency 
parameter for copper-zinc and copper-aluminum in Figures 1 
and 2, The SPE of the copper-aluminum system decreases to 
about 2 ergs/cm^ while that of the copper-zinc system de­
creases to only 16 ergs/cm^. 
Several deformation effects occurring during tensile or 
cyclic loading can be explained by dislocation cross-slip. 
Some of these effects are discussed below. 
Figure 1. Stacking fault energy (curve) and the normalized 
stacking fault frequency (points) versus atomic 
Toercent zinc in copper, after Smallman and Green 
(15) 
Figure 2. Stacking fault energy (curve) and the normalized 
stacking fault frequency (points) versus atomic 
and weight percent aluminum in copper, after 
Smallman and Green (15) 
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A general stress-strain curve can be dravm for ?CC single 
crystals and it can be divided into three strain hardening 
stages: 
I. An initial linear region (easy glide) with a 
very low rate of strain hardening in which a 
single slip system is active. 
II, A second linear region (linear hardening) with 
a much increased rate of strain hardening which 
corresponds to slip on more than one active 
system. 
III. A region with a lower rate of strain harden­
ing where the stress is a parabolic function 
of the strain (parabolic hardening). 
Stages II and III are observed when polycrystals are 
tested. Priedel (16) has found that the linear hardening rate 
of stage II is caused by the piling up of_dislocations. Stage 
III starts when the stress field on the dislocations is high 
enough to cause cross-slip. Thus cross-slip is the cause of 
the decrease in the hardening rate since new slip planes are 
activated. Since cross-slip is directly related to SPS, stage 
II type deformation should be extended to higher stresses and 
strains as the SPS decreases. 
Por copper the transformation from stage II to stage III 
was found to occur at 10,600 psi and about 1.5% true strain by 
?eltham and Meakin (17). 
Thomas (18) has used transmission electron microscapy to 
study the dislocation arrangement of copper and copper-zinc 
alloys after 10^ elongation. The dislocations in copper and 
the alloys up to XQ% zinc tended to form a poorly defined sub-
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grain structure. The sub-grain size for copper was about one 
micron in diameter. The higher the zinc concentration the 
smaller the sub-grains became. Alloys with greater than 20-% 
zinc did not have this substructure and their dislocations 
tended to remain piled up. Thomas explains these results on 
the basis of the inhibition of cross-slip as SF3 decreases. 
Holden (19) has used a micro-beam X-ray technique to 
study the formation of sub-grain structures caused by alter­
nating plastic strain. The initial condition of the metal, 
whether annealed or cold worked, did not affect the formation 
of the sub-grain structure by cyclic loading. The X-ray data 
indicated that the interior of the sub-grains produced by 
cyclic loading contained fewer dislocations than the sub-
grains formed by tensile deformation. Holden shows that the 
formation of the sub-grain structure would depend upon the 
ability of the dislocations to cross-slip and thus upon the 
SPE. The sub-grains were observed in pure aluminum, zinc-, and 
copper which have high S?3. They were not observed in stain­
less steel or in two aluminum alloys all of which had a low 
3PE. 
Feltner (20) tested aluminum by repeated tensile loading 
and found by transmission microscopy that the dislocation sub­
structure did not change during cycling. This type of fatigue 
test has previously been shoim not to promote fatigue soften­
ing since it was not reversed loading. 
¥aldron (21) has shown that the dislocation arrangements 
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in aluminum and aluminum-magnesium alloys are dependent on the 
number of cycles of push-pull fatigue. Pour stages of struc­
tural dislocation development were found in aluminum and the 
alloys: 
1. A uniform distribution of dislocation jogs and loops. 
2. Clustering of jogs and loops. 
3. A rough sub-structure developed by linking of 
clusters, 
4. A sharply defined cell structure. 
The fatigue stress at which a given dislocation structure was 
formed was raised when the solute content was increased. 
Waldron concluded that cross-slip controlled the dislocation 
distributions and that by changing the SPE, and thus the 
ability to cross-slip through alloying, one could explain the 
above alloying effects. 
Pratt (22) has studied the dislocation substructure of 
strain cycled copper. Thin wall copper tubing was tested in 
reversed torsion keeping the total shear strain per cycle 
constant. A saturation stress was reached after about 1000 
cycles. The sub-cell size was studied by transmission micros­
copy and was found to vary inversely with the saturation 
stress. The cell size was determined from an average of about 
one thousand measurements for each saturation stress. The 
diameter of the cells varied from 1.37 + 0.12 microns at a 
saturation shear stress of 6400 psi to 0.38 + 0.05 microns for 
9900 psi. The final saturation stress and sub-cell size were 
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characteristic of the magnitude of only the last few thousand . 
strain cycles and were completely independent of prior deform­
ation. " 
Fatigue Properties of Cu-Zn and Cu-Al Alloy Systems 
The bending fatigue behavior of annealed copper and brass 
alloys was 8ti::^ied by McGrath and Thurston (23) at room tem­
perature. They found that the fatigue life at + 18,000 psi 
increased as the zinc concentration in the alloy increased. 
The rate of crack propagation decreased as the zinc concentra­
tion increased. They suggested that the fatigue behavior is 
controlled by cross-slip processes thus is directly dependent 
on the S?S. The fatigue life increased by a factor of 50 
while the yield stress (24) changes by a factor of less than 
two over this composition range. 
The fatigue properties of copper-zinc alloys at 100°K was 
studied by Roberson and Grosskreutz (25). They immersed 
their samples in liquid nitrogen and cycled them in push-pull 
fatigue at 60 cycles per second. The fatigue strength at 10^ 
cycles was grea'ter the higher the zinc concentration. At 
stresses causing failure at less than 10^ cycles there was a 
crossing of the S-H curves resulting in the lower zinc concen­
trations having the higher fatigue strengths at 10^ cycles. 
Thus no general correlation of fatigue life and SFS could be 
made at 100°K. 
This paper has several questionable points. First, the 
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SPE of copper was reported by Smallman and Green (26) to be 
decreased at least by a factor of two from the room tempera­
ture value by cooling to liquid nitrogen temperatures. Thus, 
the SP3 of the alloys of Roberson and Grosskreutz cm- ^it. is 
not well known. Second, since sample life was only about 
three minutes for failure in 10^ cycles, heating of the 
samples probably occurred. The sample temperature was never 
reported to have been measured. If heating occurred it would 
be the most pronounced at the low fatigue lives. 
Fatigue hardening has been studied in alternating bending 
as a function of SFE by Avery and Backofen' (27). The SPS was 
controlled by using Cu-Al solid solution alloys either as 
single crystals or in the polycrystalline state. The samples 
were deformed in four point bending to a constant total strain 
amplitude. The bending moment was continuously measured. An 
arbitrary hardening parameter was defined as the moment after 
1000 cycles divided by the moment after 10 cycles. It is 
quite evident from the results that there is no marked differ­
ence between the hardening behavior of single and polycrystal­
line copper-aluminum alloys, 
Avery and Backofen OD. cit. also ran a few strain soften­
ing experiments on copper and Cu-6^ A1 crystals. The samples 
were subjected to bending fatigue loading for 5000 cycles and 
then twisted back and forth through 45°. When the copper 
sample was again cycled, it softened so that the moment de­
creased in a few thousand cycles to nearly the value existing 
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prior to twisting. The Cu-6^ A1 crystal hardened slightly 
after twisting rather than softening. No conclusions were 
given pertaining to fatigue softening. 
The Bauschinger Effect 
When a metal is plastically deformed in one direction 
and then the deformation direction reversed, it will normally 
start flowing at a very low stress. A slight amount of re­
verse plastic strain may even take place during unloading. 
This phenomenon was first observed in 1886 by Bauschinger and 
is commonly known as the Bauschinger effect (28). 
One of the most common parameters measured to study the 
above effect is the strain difference between the measured 
value of strain and an extension of the elastic section of 
the unloading portion of the curve as shown in Figure 3. 
This strain difference is known as the Bauschinger strain. 
The magnitude of the Bauschinger strain at a constant 
fractional stress level, e.g. -10% of the previous flow stress, 
has been found to be directly related to the flow stress prior 
to the reversal for a given material. This effect has been 
found in single crystal and polycrystalline aluminum by Buck­
ley and Sntwistle (29) and in Cu, Al, Pb, Ni, and Pe by 
Woolley (30). 
The mechanism which presently best explains the Bausching­
er effect was proposed by Orowan (31) and shomi experimentally 
by Alison (32) to be correct. Orowan postulated that there 
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Figure 3. Schematic diagram illustrating the Bauschinger 
strain - -
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âre two general types of obstacles to slip, strong barriers 
such, as a dispersion of strong non-coherent particles of a 
second phase and permeable obstacles such as forest disloca­
tions in single phase metals. The strong barriers would pro­
mote back stress hardening due to dislocation pile-up at these 
barriers. A large portion of this back stress hardening will 
be wiped out by reversed plastic deformation. Thus a portion 
of the initial work hardening will be removed giving rise to a 
permanent softening effect. The permeable obstacles would 
give rise to a low initial reversed flow stress but would not 
cause appreciable softening. 
Wilson ov. cit. found the above ideas of Orowan's to be 
correct. For a reversed strain of 2^ most single phase metals 
had reached 90% of the previous flow stress while some eutec-
toid and precipitation hardened alloys reached only 40^. Of 
the single phase metals, brass showed the most permanent 
softening effect. 
Point Defects 
In the previous sections the generation and rearrangement 
of dislocations have been considered as the principal mechan­
isms occurring during cyclic loading. There is some limited 
evidence that point defects should be considered as important 
aspects of cyclic deformation. 
Broom and Ham (3) explained the large temperature depend­
ence of the flow stress of fatigue hardened copper by point 
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defects locking the dislocations and forming obstacles to dis­
location motion.' They also thought fatigue softening could be 
explained by the generation of point defects during reversed 
loading and that these defects promoted dislocation climb 
around obstacles. They concluded in a later paper (4) that 
point defects were not responsible for fatigue softening. 
Cross-slip was considered the fundamental process leading to 
fatigue softening. 
Ten times more electrical resistivity was introduced by 
fatigue stressing copper than by applying the same stress uni-
directionally at liquid hydrogen temperature, Rosenberg (33). 
The extra resistance reached a limiting value after a few 
hundred cycles and was essentially removed on annealing at 
170°0 (34). 
Johnson and Johnson (35) have recently studied point 
defect and dislocation generation during cyclic loading of 
copper using a unique alternating current technique to meas­
ure resistivity changes. To prevent buckling during push-pull 
fatigue the sample must be relatively short and thick. Re­
sistivity changes of significant sensitivity can be measured 
by the standard direct current technique only if the sample is 
very thin and long. To avoid these geometric limitations they 
used a newly developed alternating current technique which 
utilizes a super-'conducting coil wound on the sample. The 
resistivity tests were performed in liquid He. Using these 
techniques they were able to test annealed copper samples of 
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0.226 inches in diameter. 
High-purity copper was tested at room temperature at a 
cyclic stress level which would have an expected fatigue life 
of about 5x10^ cycles. The resistivity increased for about 
the first 5000 cycles after which no change was observed. 
This saturation resistance did not decrease significantly 
until the sample was annealed at 530°K for over an hour. Bj'" 
using the dislocation contribution value to resistivity as 
given by Clarebrough et (36), the annealing behavior indi 
cates a saturation dislocation density of about 2x10^® sq. cm 
This density value is consistent with those obtained by elec­
tron microscopy (37) and thermal conductivity (38). 
Johnson and Johnson ov, cit. concluded that the resistiv 
ity change at room temperature could be accounted for solely 
in terms of an increased dislocation density and that point 
defects did not contribute any major effect to fatigue proper 
ties of copper at room temperature. 
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STATSI4ENT 0? THE PROBLEM 
In this section vill be given a short summary and corre­
lation of the previous results as they apply to fatigue 
softening. The remaining problems will be discussed and 
methods for their solution will be examined. 
Fatigue softening has been found in prestrained metals 
which generally have a high SFS. A portion of the cyclic 
loading must be in compression for fatigue softening to occur. 
The amount of softening depends on the number of cycles 
applied with most of the change occurring in the first 5000 
cycles. Ko changes have been observed beyond 60,000 cycles. 
Fatigue softening of cold worked metals which have been 
cyclically stressed has been detected by measuring the de­
crease in indentation hardness, ten^sile or compressive proof 
stress, or proof torque. Work hardened materials which have 
been cyclically loaded in a manner that promotes fatigue soft­
ening have sharper X-ray reflections after cyclic loading than 
before. 
The arrangement of the dislocations found in samples 
deformed in tension depends directly on their SPE. For metals 
with a high SPE, e.g. copper, the dislocations tend to form a 
sub-grain structure, while metals with a low SPE, e.g. brass, 
do not form a sub-structure, but exhibit a large number of 
dislocation pile-ups. The dislocation sub-structure does not 
change during cyclic loading between zero and high tensile 
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stress. If reversed cyclic stressing, e.g. loading in both • 
tension and compression, is used the sub-structure is inten­
sified considerably for metals with a high SPE. The diameter 
of the cyclically produced sub-cells varies inversely with the 
magnitude of the cyclic loading. This rearrangement of the 
dislocations in high SPE metals has been studied by trans­
mission microscopy and by microbeam X-ray methods. The re­
arrangement accounts for the sharpening of the X-ray back 
reflection patterns since the dislocation density within the 
sub-grains is relatively very small, thus giving a more stress-
free structure than in a unidirectionally deformed sample. 
This structural relaxation occurring during cyclic loading can 
account for fatigue softening. 
If the above explanation of fatigue softening is correct, 
then one should be able to reduce or eliminate softening by 
reducing the SPE. The purpose of this research is to experi­
mentally verify this hypothesis by testing a series of metals 
that have a range of stacking fault energies. Wh.en copper is 
alloyed with certain other elements that form a solid solution 
the SPE is lowered in a known manner. 
The copper-aluminum system was chosen for this research 
project for several reasons. First, the SPE, which had pre­
viously been studied by several methods, is well known as a 
function of composition. The SPE can be reduced to a much 
lower value in aluminum bronzes than in brass. Secondly, the 
copper-aluminum alloys could be made by consumable arc melt­
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ing; while, the brasses could not because of the low melting 
point of zinc and its high vapor pressure. Thirdly, copper-
aluminum alloys can be annealed without losing any aluminum 
while the brasses dezincify without special precautions. 
The effect of SPS on the magnitude of fatigue softening 
will be found by testing Cu-Al alloy compositions which 
exhibit a range of stacking fault energies. Since the magni­
tude of softening for a given alloy composition (or SPE) is of 
primary concern, the three mechanical variables which exhibit 
a pronounced effect on fatigue softening will be adjusted to 
produce a maximum softening effect. One of these variables is 
the number of cycles required to completely develop fatigue 
softening. Some authors have reported using only a few thou-
sant cycles while others used up to 60,000 cycles. Another 
variable is the amplitude of the cyclic loading. There is 
very little quantitative information reported concerning the 
effect of stress amplitude on fatigue softening. The effect 
of the magnitude of the prestress on fatigue softening will 
also be studied. 
Since the Bauschinger effect Increases with decreasing 
SPE, this effect must be examined in order that it not mask 
the fatigue softening effects. 
The magnitude of fatigue, softening will be determined by 
prestressing a sample in a partial tensile test and then 
cyclically loading it in push-pull fatigue. Following cyclic 
loading the tensile test will be continued and the difference 
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between the prestress and flow stress after cyclic loading 
will be taken as the magnitude of fatigue softening. System­
atic diamond pyramid hardness tests, outlined in the next 
section, will also be used to study fatigue softening. 
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EXPERIMENTAL PROCEDURE 
Sample Preparation 
Oxygen free high conductivity (OPHO) 99-99% pure copper 
rods and 99-99% pure aluminum rods, swaged to the appropriate 
size, were tied together to form a consumable electrode con­
sisting of three copper rods and three aluminum rods. This 
electrode was threaded into the upper electrode head and con-
sumably arc melted in an argon atmosphere into a graphite mold. 
The arc melted rods were one and one-half inches in diameter 
and a foot long. The nominal compositions made were 2.0, 3.5, 
and 7.0 weight % aluminum. Chemical analysis of these alloys 
is given in Table 2 for each melt. The nominal compositions 
will be used when discussing the various alloys. 
Table 2. Chemical analysis for the copper-aluminum alloys 
Melt Nominal Chemical 
// composition analysis 
Wt. ^ A1 wt. % A1 
CoDper 0.0 0.0 
3 2.0 2.01 
2 3.5 3.58 
3 3.5 3.51 
2 7 6.59 -
3  7  6 . 6 2  
These alloy rods were rolled and swaged to 3/4 inch 
diameter. Several rods especially of the low aluminum compo­
sition were cracked in the interior of the rods after forming. 
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In order to avoid cracking, the later melts were rolled at 
500°C and annealed between passes. Even with these precau­
tions taken to prevent cracking, the Cu-2^ A1 alloys were 
found to be cracked longitudinally when the testing sequence 
was initiated. The longitudinal cracks did not seem to affect 
the fatigue properties since some samples withstood up to 
28,000 cycles at a substantial cyclic load. A typical longi­
tudinal crack is shown at the center of one of the Cu-2€ A1 
alloys in Figure 4. The sample had to be chemically polished 
to make the crack visible. 
The OPriO copper was received in the cold rolled condition. 
Thus it was machined and annealed prior to testing for fatigue 
softening. 
A few tensile specimens were machined from the copper and 
the alloy rods. The specimens had a gage section of 1.5" 
inches and test diameter of 0.350 inches. 
Most of the testing for this research was done on samples 
machined to a typical fatigue configuration as shown in Figure 
5. This type of sample does not have fillets at highly 
stressed portions of the sample which promote fatigue failures. 
Also it will not buckle as readily as a tensile type sample 
when a compressive load is applied. Samples machined to this . 
configuration will be called tapered specimens. This is to 
prevent confusing them with tensile test samples which have a 
uniform gage diameter for the entire gage length. 
The samples were annealed at a pressure of 5 microns or 
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Figure 4, A sectioned Ou-2# A1 alloy sample showing a 
typical longitudinal crack 
0.350" 
Figure 5. Schematic drawing of a tapered sample with 
dimensions 
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less for one hour at a temperature giving small equlaxed 
grains indicating complete recrystallization but no appreciable 
grain growth. Since each alloy rod had a different amount of 
cold work after forming, it was necessary to determine the 
optimum annealing temperature for each one. After annealing, 
the furnace was removed allowing the samples to cool in 
vacuum. They cooled to near room temperature within three 
hours. 
After annealing, the samples were polished using 3/0 
paper to remove the oxide layer formed during annealing. They 
were then chemically polished in the following solution (39) 
for three minutes: 
This treatment left a smooth and reproducible surface on the 
samples. 
The average grain size was found by using Jeffries' 
planimetric method (40). This method consists of first pro­
jecting a magnified view of the sample onto a viewing screen, 
as in a metallograph. A circle which has an area of 5000 
square millimeters is drawn on the viewing screen. The number 
of grains included completely within the circle plus one-half 
the number of grains intersected by the circle gives the num­
ber of equivalent whole grains counted. This number is 
Parts by volume 
Nitric acid 
Acetic acid 
Phosphoric acid 
Hydrochloric acid 
Water 
20 
24 
52 
2 
2 
30 
mul-tiplied by the Jeffries' magnification factor to find the 
actual number of grains per square millimeter. At least five 
fields of view were counted to obtain an average value. 
The average grain "diameter" has been defined by the 
American Society for Testing and Materials (41) as the square 
root of the average area of a grain or the square root of the 
reciprocal of the number of grains per square millimeter. 
This is the definition of grain size that will be used in 
this research. 
Mechanical Testing Equipment and Procedures 
A Budd 75,000 pound Model UEH mechanical tester was used 
for the tensile and fatigue tests. This machine has an elec-
trohydraulic servo control system which can be operated in 
load, strain, or table position modes. The three modes can 
be programed as linear tensile or compressive tests or as sine 
wave cyclic tests up to ten cycles per second, A static com­
ponent can be applied to the previous tests. The load could 
be measured with a precision of 0,25^. 
Sample strain was measured with a calibrated Instron 
strain gage extensometer Model G—51-12. This extensometer 
has a one inch gage length and is capable of 50^ elongation. 
The electrical output was linear to within 0.25^. 
Load and strain were recorded on a Moseley Model 2D x-y 
recorder used in potentiometric modes. 
The sample grip system consisted of two steel blocks 
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drilled and tapped for 3/4-16 threads; one was tapped for 
right hand threads and the other for left hand. One of the 
tapped blocks was placed in the hydraulic grip system of the 
upper cross head on the test frame. The other block was 
fastened in the hydraulic grip on the moving work table. 
These grip blocks were positioned prior to the start of the 
testing sequence and not removed until all testing was done. 
To prepare for a test, lock nuts were placed on a sample 
and,the sample threaded simultaneously about 7/8 inch into 
both grip blocks. This was done by programing the tester to 
compress the sample with a load of about 20 pounds. This 
programed setting caused the work table to move upward and 
since the sample was being threaded into both the upper and 
lower grip blocks, the load was not reached until the sample 
stopped turning. The sample was turned by using a small 
wrench. Once the sample was in place a tensile load of about 
50 pounds was applied. The lock nuts were tightened against 
the grip blocks to prevent any discontinuity when the load was 
changed from tensile to compressive. The load was then re­
duced to zero. 
Flow stress test method 
To run a typical test to detect fatigue softening a • 
tapered specimen was machined, annealed, chemically polished, 
and threaded into the test machine as described above. The 
extensometer was calibrated and attached to the sample. The 
sample was elongated at a strain rate of 0.05 in./in./min. 
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giving a typical load-elongation curve. The load was taken 
off the sample after straining it a predetermined amount, e.g. 
0.175 inches, or loading it to a given level, e.g. 3000 lbs. 
The maximum true prestress applied to the sample was found by 
' dividing the maximum load by the minimum sample area. 
The second portion of a typical test to detect fatigue 
softening was the cycling of the load on the sample between 
given maximum values, e.g. plus and minus 6o^ of the pre­
stress for a predetermined number of cycles. It was found in 
preliminary tests that when the cyclic frequency was greater 
than four cycles per second the samples would become hot at 
the load amplitudes of interest in the research. Thus, cyclic 
tests were performed at one to two cycles per second. 
The sample flow stress after cyclic loading was found by 
continuing the tensile test. The magnitude of the softening 
by fatigue loading is the difference in the prestress prior to 
cyclic loading and the flow stress. 
Diamond pyramid hardness test method 
Systematic indentation hardness tests were carried out on 
most of the specimens used for this research. Tapered speci­
mens were prepared as above but prior to mechanical testing 
circumferential lines were drawn on the samples using a fiber 
tip ink pen and a lathe, A typical sample showing the circum­
ferential lines after mechanical testing is shown in figure 6, 
The sample diameters were measured at the lines with a microm­
eter prior to and after mechanical testing. The maximum 
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Figure 6, Tapered specimen showing circumferential lines 
after mechanical testing 
Figure 7. Sectioned sample showing the placement of the 
DPH indentations 
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deviation between duplicate readings was 0.0002 inches. True 
stress and true strain were calculated at each circumferential 
line using an IBM Model 3Ô0-50 computer. This computer also 
had curve plotting facilities which were used to draw nearly 
all of the curves shown in this research. The computer data 
sheets for samples included in the research are given in the 
Appendix, 
After the sample was mechanically tested and the final 
diameters measured, a circumferential notch about 0.01 inches 
deep was cut at the lines used to measure the various diam­
eters, The sample was then mounted in Koldmount plastic, 
supplied by Vernon-Eenshoff Co. After the plastic had cured 
the sample was sectioned longitudinally near its axis with a 
Buehler cut off machine using a water cooled l/l6 inch thick 
silicon carbide wheel. The sample was then polished through 
600 grit polishing paper. 
In preliminary tests it was found that at least 0,007 
inches must be removed by chemical polishing to prevent the 
indentation hardness readings from being influenced by the 
cold work induced during sectioning. The hardness testing 
was carried out on a Riehle hardness testing machine using a 
10 kilogram load and a-Vickers diamond pyramid indenter. 
Indentation-hardness tests were made at 1,0 mm. intervals 
across the sample and were aligned with the circumferential 
notches. At the narrow portion of the sample only four DPH 
readings could be made while in the wider sections up to ten 
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readings were made. A typical sample after hardness testing 
is shown in Figure 7. The average DPH value was found for 
each diameter position with a standard deviation of 1.2 hard­
ness numbers. Prom the above tests, true stress, true strain, 
and DPH values were obtained for each position on the sample 
that was tested. 
By using the above testing technique on a prestressed 
sample DPH values can be related to true stress. The magni­
tude of fatigue softening can be found for a cyclically 
stressed sample by comparing the true prestress found by the 
diameter and maximum load measurements with the equivalent 
true stress found by the DPH testing. 
The advantages in using the above test method are that by 
examining only two samples, data are obtained for a whole 
series of true prestresses and that specimens which crack or 
break due to fatigue failures can also be examined. 
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RESULTS 
Bausciiinger Effect 
In. preliminary tests it was found that the magnitude of 
the Bauschinger effect (32) increased as the aluminum content 
in the alloys increased. It was necessary to define fatigue 
softening in such a way as to take Bauschinger effects into 
account in order to prevent them from masking fatigue soften­
ing. 
For this research the Bauschinger strain was defined as 
the width of the hysteresis loop at zero load. This defini­
tion is nearly identical to that given previously (32) since 
the loading and unloading portions of the hysteresis loop are 
essentially parallel. 
The hysteresis loop caused by a 60^ load reversal for 
copper and the alloys is shown in Figures 8-11. These tests 
were done using tapered specimens, thus true stress and true 
strain were not known. The load reversals were all done at 
nearly the same total elongation. 
Additional tests were done on copper and the 0^x-7% A1 
alloy to determine if the increase in loop size was caused by 
the larger prestress in the alloys or the alloying. Woolley 
(30) has shown that the Bauschinger strain increases linearly 
with prestress for a given material. Regular tensile type 
specimens were used for these tests so that true stress and 
true strain could be easily determined. The magnitude of the 
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Bauschinger strain for a 60% stress reversal was measured at 
three prestress levels for copper while the alloy was tested 
at two prestresses. The results show (Figure 12) that the 
magnitude of the Bauschinger strain for the Cu-7^ A1 alloy is 
much greater than the amount found for copper at the same pre­
stress. 
Wilson (32) has found that the relative magnitude of the 
Bauschinger effect was directly dependent on the amount of 
dislocation back-stress hardening. During plastic deformation 
of materials such as precipitation hardened alloys the dis-
locations tend to pile up at the precipitate particles. When 
the stress was reversed they can move easily again until they 
meet another strong barrier. 
During plastic deformation of low SPS materials the dis­
locations pile up to a larger extent than for high SPE mater­
ials since the former cannot cross-slip as easily. Thus, the 
above results for copper and Gu-7^ A1 are in accord with 
Wilson's work and the difference in their stacking fault 
energies. 
There are two effects caused by a Bauschinger hysteresis 
loop that must be considered when testing material for fatigue 
softening. The first effect is the Bauschinger strain. The 
second effect is that the flow stress at the completion of 
the hysteresis loading loop is less than the original pre­
stress. Here flow stress is defined as the point where the 
reloading portion of the hysteresis loop crosses the unload-
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ing portion. All materials tested show some softening occur­
ring after one cycle. A schematic diagram showing a typical 
load cycle performed to find the Bauschinger strain and the 
flow stress after one cycle is shown in Figure 13. The com­
pressive load on the sample was 6o^ of the prestress value. 
Also shown on Figure 13 is the flow stress for a second 
sample that was tested in tension after fatigue softening. It 
was given the same loading sequence as the first sample through 
the compressive portion of the hysteresis loop. Then it was 
cycled in fatigue for 10,000 cycles at + 60% of the original 
prestress. After cycling the sample was reloaded to find the 
flow stress. 
In this research the amount of fatigue softening is 
defined as the difference "between the flow stress after a 
stated number of cycles, e.g. 10,000, and that after one 
cycle. This will eliminate all of the first cycle Bauschinger 
effects from the measurements of fatigue softening. 
Cyclic Loading Conditions that Promote Fatigue Softening 
The magnitude of fatigue softening in a prestressed metal 
that was subsequently cyclically loaded was found to depend 
on the number of cycles as summarized in Table 3. These tests 
were run on samples prestressed to their ultimate load and 
then cyclically loaded at + 60% of the prestress. It is evi­
dent from these results that fatigue softening was substan­
tially developed in the first 10,000 cycles. This effect of 
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the number of cycles on fatigue softening will be discussed 
further in the next section. 
Table 3. Percent softening of copper and Ou-3.5^ A1 tested 
at + 60'^ of the prestress 
Number of cycles Percent softened 
Copper Ou-3.5^ A1 
100 1 0 
1,000 10 1 
10,000 33.5 7.5 
20,000 35 10 
30,000 Failed Failed 
The cyclic load range applied to samples for this research 
was always expressed as a percentage of the prestress. This 
procedure was used so that the various alloys could be evalu­
ated under equivalent testing conditions. When the cyclic 
load range was symmetrical, e.g. + 60#, there was no static 
load on the sample. However, when the loading was non­
symmetrical a static load had been applied with a sinusoidal 
loading pattern applied to it. For example, a cyclic load 
range of +80# to -20# had a static load of +30# with a sinu­
soidal load of + 50#. Table 4 summarizes a series of symmetr . 
rical and nonsymmetrical cyclic tests run on copper for 10,000 
cycles. A tensile prestress was used for all of these tests. 
Samples which softened more than 5# were not used for addi­
tional tests. 
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Table 4. Percent softening of copper at various cyclic load 
ranges applied for 10,000 cycles 
Cyclic stress range Percent softened by fatigue 
+80 0 
- 0 
+60 0 
-20 
+80 4 
—20 
+60 17 
-40 
+70 Elongated 
-50 
+50 5 
+60 33.5 
+70 Palled @ 4800 cycles 
+50 Compressed 
-70 
+40 24 
-60 
+20 18 
—80 
+20 0 
-60 
+ 0 0 
-80 
4-7 
Effect of Prestress on Fatigue Softening 
There are two test methods for determining the effect of 
prestress on fatigue softening. The direct method involves 
measuring the flow stress after cyclically loading a pre-
stressed sample. To study the effect of prestress by this 
method samples must be tested using various prestresses, thus 
requiring a large number of tests. Nearly the same results 
can be obtained by testing only two tapered samples through 
the use of systematic diamond pyramid hardness testing as pre­
viously-outlined, The relation between true stress and inden­
tation hardness for a given material is found by testing a 
sample that was only prestressed, A sample is then tested 
that has been prestressed and cycled. The magnitude of 
fatigue softening is the difference between the true prestress 
and the true stress corresponding to the hardness observed 
after cyclic stressing. This DPH test method will be compared 
to the flow stress method for copper samples and it will be 
used extensively on the alloys. 
The magnitude of fatigue softening was found to depend 
directly on the magnitude of the applied prestress. The true 
prestress on a tapered specimen cannot be found if the ulti­
mate load the sample will support is exceeded. Thus none of 
the samples was prestressed beyond the ultimate stress. 
CoDToer samples 
The indentation hardness versus true prestress results 
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for copper are given in Figure 14. Computer data sheets for 
these samples are given in the Appendix and are classified oy 
the figure number. The relations "between true stress and 
indentation hardness are given by the sample that was only 
prestressed. A second sample was cyclically loaded at + 6o% 
of the prestress for 40,000 cycles. The DPH results show that 
the portion of this sample prestressed more than 20,000 psi 
was softened by cyclic loading. The maximum DPH reading after 
cyclic loading was 70.2 and this value gives an equivalent 
true flow stress of 22,500 psi. The maximum prestress was 
33,600 psi thus indicating a maximum softening of 33#. 
The third specimen reported in Figure 14 was cyclically 
loaded at + 70% of the prestress. The maximum prestress for 
this sample was only 28,000 psi yet it failed after only 
13,000 cycles. The DPH results indicate that at a given pre­
stress this sample softened more than the one cycled at + 60%. 
Also, the DPH results after cyclic loading tended to reach a 
limit at a hardness reading of 67.5. This value is equivalent 
to a true flow stress of 21,000 psi. 
Fatigue softening results for copper determined by the 
flow stress method are reported as a function of the maximum 
true prestress in Table 5 and Figure 15. These samples were 
all cyclically loaded at + 60^ of the prestress. A small 
amount of fatigue hardening was observed for samples pre­
stressed to less than 20,000 psi. The DPH results (Figure 14) 
also indicated fatigue hardening at low prestresses. The true 
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Table 5. The effect of prestress and the number of cycles on 
fatigue softening of copper which has been cyclic-
ally loaded at + 60% of the prestress 
Number of True prestress Plow stress % Softened 
cycles (psi) (psi) by fatigue 
10,000 18,400 18,600 -1 
10,000 20,300 20,300 0 
• 10,000 22,800 21,500 5 
10,000 25,500 22,500 12 
10,000 29,800 24,200 18 
10,000 33,600 25,600 24 
10,000 35,200 26,700 24 
10,000 41,200 28,900 30 
, 10,000 44,500 29,500 33.5 
40,000 25,800 21,100 18 
40,000 29,300 21,600 26 
40,000 34,000 23,100 32 
40,000 35,500 23,600 33.5 
40,000 36,700 24,500 33.5 
90,000 22,000 20,700 6 
100,000 25,800 20,600 20 
20,000 42,000 27,400 35 
prestress where fatigue softening starts for various numbers 
of cycles and magnitudes of cyclic loads are given in Table 
8. Fatigue softening was found for samples prestressed above 
20,000 psi. Most of the fatigue softening was developed in 
the first 10,000 cycles with little additional softening 
occurring beyond 40,000 cycles. The flow stress was nearly 
constant at 21,000 psi for samples prestressed to between 
22,000 and 30,000 psi and subsequently cyclically loaded for 
40,000 cycles. Samples prestressed more than 40,000 psi and 
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subsequently cyclically loaded at + 60^ of the prestress 
failed by plastically deforming after 30,000 cycles. Thus, 
the only results reported in this stress range were for sam­
ples cycled for 20,000 cycles or less. 
The magnitude of fatigue softening found by the DPH 
method (Figure 16) at a given true prestress was slightly 
lower than that found by the flow stress method for samples 
cyclically loaded for the same number of cycles. The DPH 
method does give a very good indication of the magnitude of 
fatigue softening at various prestresses and will be used 
extensively for testing the alloys. 
The above results indicate that for copper fatigue soft­
ening is extensively developed by cyclically stressing at 
+ 60^ of the prestress if the prestress is greater than 20,000 
psi. The magnitude of fatigue softening varies directly with 
the magnitude of the prestress. At high prestresses fatigue 
softening is nearly completely developed in 10,000 cycles 
while at intermediate stresses 40,000 cycles are required, 
Cox>-oer-2% aluminum 
The DPH versus true prestress results for copper-2# 
aluminum alloys are given in Figure 15. The results for the 
sample that was only prestressed give the relations between 
true stress and DPH that are used later to find the magnitude 
of fatigue softening. Another sample was cyclically loaded at 
+ 60"^ of the prestress. Only 18,500 cycles were required to 
cause failure and this low number was probably due to the 
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longitudinal cracks in the specimen. The sample that was 
cyclically loaded at + 70% of the prestress failed after 4-500 
cycles. 
The DPH results for the cyclically loaded samples were 
converted to true deformation stress by using the DPH versus 
true stress results found for the sample that was only pre-
stressed. The percentages of fatigue softening at various 
prestresses were then found and reported in Figure 17. At any 
given prestress the magnitude of fatigue softening was much 
greater for the sample cyclically loaded at + 70% of the pre­
stress than for the sample loaded at + 60#. This same effect 
of cyclic stress magnitude was found in copper (Figure 15) for 
samples given the same number of cycles. However, the copper 
samples that were cyclically loaded at + 60% of the prestress 
for 40,000 cycles were softened nearly the same amount as 
samples cyclically loaded at + 70% for 13,000 cycles. 
Also reported in Figure 17 is the flow stress result for 
a sample prestressed to 45,000 psi and subsequently cyclically 
loaded at + 60% of the prestress for 10,000 cycles. This, 
sample softened 19.4%. 
The results for copper-2^ aluminum (Figure 17) were 
obtained from samples prestressed to nearly their ultimate 
load capabilities; thus higher prestresses could not be exam­
ined. The magnitude of fatigue softening of Ou-2^ A1 alloys 
is about two-thirds of the value found for copper samples. 
Copper and Cu-2% A1 samples that were prestressed to nearly 
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their ultimate load capabilities and then cyclically loaded at 
+ 60-i of the prestress for 10,000 cycles softened 33.5?^ and 
19.4^ respectively. 
Oo%per-3.5^ aluminum 
The D?H versus true prestress results for copper-3.5/^ 
aluminum are given in Figure 18, The results for the pre-
stressed sample will be used to find the magnitude of fatigue 
softening of the cyclically stressed samples. The sample that 
•was cyclically loaded at + 6o^ of the prestress failed after 
35,000 cycles. The sample loaded at + 70^ failed after 9300 
cycles. This sample was prestressed to a maximum of 60,000 
psi but the highly stressed region deformed during the cyclic 
loading. The DPH readings for the deformed region were not 
reported in Figure 18. 
The percent softening found for the above samples and 
several others where softening was determined by flow stress 
measurements are given in Figure 19. The- magnitude of fatigue 
softening found at various prestress levels by the DPH method 
correlate very well with those found by the flow stress method. 
The maximum amount of fatigue softening found for this alloy 
was 10^. 
Fatigue hardening was also found for this composition in 
the low stress range. A sample that was prestressed to 27,000 
psi and subsequently cyclically loaded at + 60^ for 10,000 
cycles hardened about 1^. The DPH results (Figure 18) also 
indicate that fatigue hardening occurs at low prestresses. 
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The above results show that the magnitude of fatigue 
softening of Cu-3.5?^ A1 .is about one-third the value found for 
copper. Fatigue softening in Cu-3.5# A1 alloys did not occur 
until the prestress was greater than 40,000 psi. 
Oou^er-7^ aluminum 
Fatigue softening of Cu-7^ A1 alloys was not detected by 
either the DPK or the flow stress methods. The two samples 
that were examined by DPH testing were prestressed over 80,000 
psi. The sample cyclically loaded at + failed after 
78,000 cycles while the one loaded at + 70^ failed after 
35,500 cycles. Fatigue softening was not detected in either 
sample. 
Fatigue softening was not detected by the flow stress 
method for samples prestressed to 97,100 or 92,000 psi and then 
cyclically loaded at + 60^ of the prestress for 10,000 and 
40,000 cycles respectively. These samples were tested at 
nearly their ultimate load capabilities; thus higher pre-
stresses could not be examined. 
The effect of alloying on the magnitude of fatigue soft­
ening will be discussed in a later section. 
Tensile Properties of Copper and Copper-Aluminum Alloys 
The average grain "diameter" was found for several test 
specimens. These data along with annealing temperatures are 
given in Table 6. Since mechanical properties are affected 
by grain size, much care was taken to maintain a consistent 
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grain size for each sample composition and have nearly the 
same size for all compositions. 
Table 6. Grain size and annealing temperatures for copper 
and Cu-Al alloys 
Composition Melt 
if 
Annealing temperature 
°C 
Average grain 
diameter mm. 
Copper - 580 . 0.038 + .001 
0
 
1 ro
 
3 560 0.042 + .003 
Cu-3.5# A1 2 580 0.039 ± .001 
3 560 0.039 + 0.01 
Cu-7^ A1 2 580 0.035 ± .002 
3 620 0.036 + .002 
True stress-strain curves for copper and the copper-
aluminum alloys are given in Figure 20, Tapered specimens 
were used to obtain these results by maximum load and diameter 
measurements. True stress-strain curves determined from load-
elongation results from typical tensile samples showed higher 
stress values for a given strain than found from the tapered 
samples. The maximum difference in true stress readings at a 
given strain was 2000 psi. The difference in the results 
given by the two methods was not considered significant 
although the reason for the difference is not clear. 
As previously reviewed there are ideally,two stages of 
strain hardening for polycrystalline face centered cubic 
metals. There is first a linear region and then at higher 
61 
m 
CL, 
S=S 
3.60 2.00 3.20 ZP 1.60 
TRUE STRAIN 
0.00 O.OQ 
Figure 20, Typical true stress-strain curves for copper 
and copper-aluminum alloys 
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stresses a lower rate of strain hardening where the hardening 
is a parabolic function of strain. The linear hardening rate 
results from the piling up of dislocations. The lower strain 
rate (parabolic) starts when the stress field on the liis-
locations is high enough to cause them to cross-slip and 
activate new slip planes. Since dislocation cross-slip is 
directly related to stacking fault energy, the linear type of 
deformation should be extended to higher stresses and strains 
as the SPE decreases. The S?E can be lowered by adding alu­
minum to copper; thus the Ou-7^ A1 alloy should have a large 
section of linear deformation. . 
The linear deformation section was not easily identified 
for any composition shown in Figure 20. Ifhen tensile samples 
with larger average grain "diameters'* (0.15 + 0.02 mm.) were 
tested, the linear sections could be found (figure 21). The 
linear sections are shown extended with dashed lines to 
emphasize where the deformation mode changed. The true 
stresses where the deformation mode changed are; 
Copper 11,000 psi 
Ou-3.5# A1. 36,000 psi 
Ou-7# A1 60,000 psi. 
It was previously reported by Feltham and Meakin (17) that 
the deformation mode changed from linear to parabolic at 
10,600 psi for copper. 
The. accuracy of this method of determining the true stress 
required for the onset of cross-slip is not great. The results 
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Figure 21. Tensile properties of copper and copper-aluminum 
alloys which have large grains showing the trans­
ition from linear to parabolic hardening 
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do indicate, however, a substantial increase in the required 
true stress as the SPE is reduced by alloying. The signifi­
cance of this result will be discussed later. 
The Effect of Stacking Fault Energy on Patigue Softening 
From the results given in previous sections it is evident 
that the maximum amount of fatigue softening decreases as the 
aluminum content in the alloys increases. To obtain the maxi­
mum amount of fatigue softening for a given composition the 
three mechanical variables must be of the proper magnitude. 
First the prestress must be as high as possible in order to 
maximize fatigue softening. This also minimizes any solid 
solution hardening effects resulting from alloying since 
samples are prestressed nearly to their ultimate strength and 
the fatigue softening is thur expressed as a percentage of 
ultimate strength. Secondly, the cyclic stress should be 
completely reversed and relatively high since the amount of 
fatigue softening per cycle increases as the cyclic stress 
increases. If the cyclic stress is too high the sample will • 
fail prior to developing the maximum amount of softening. 
Finally the number of cycles must be nearly equal to the 
fatigue life or 40,000 cycles, whichever comes first. The 
maximum amounts of fatigue softening found by the flow stress 
method for each composition are summarized in Table 7. These 
fatigue softening values are also given as a function of 
65 
stacking fault energy for the corresponding alloys in Figure 
22.  
Table 7. The maximum amount of fatigue softening for copper 
and copper-aluminum alloys 
Composition 
Nominal Chem. analysis 
wt. fo A1 
Stacking fault 
energy after 
Smallman & Green 
(15) ergs/cm2 
Magnitude 
of fatigue 
softening 
Copper 70 35 
Cu-2i A1 2.01 36 20 
Cu-3.5# A1 3.58 14 10 
Cu-7^ A1 6.6 3 0 
The hypothesis presently being used to explain fatigue 
softening is that dislocations rearrange by cross-slip during 
cyclic loading and form sub-grains. The interior of the sub-
grains have relatively fewer dislocations after cyclic loading 
than before. A dislocation can move through the sub-grains at 
a lower stress after cyclic loading since there are fewer bar­
riers, thus accounting for fatigue softening. Since disloca­
tion cross-slip is most difficult in low SPS metals the magni­
tude of fatigue softening should be directly related to SPE. 
The primary objective of this research was to experimentally 
determine whether the magnitude of fatigue softening was 
directly dependent on stacking fault energy. The results 
shown in Figure 22 confirm this relationship. 
Further evidence supporting the above hypothesis can be 
found by examining the minimum prestress necessary for fatigue 
softening summarized in Table 8. The minimum prestress where 
fatigue softening was detected increased as the aluminum 
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Figure 22. The effect of stacking fault energy on the 
magnitude of fatigue softening in copper-
aluminum alloys 
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content in the alloys increased. This minimum true prestress 
for fatigue softening was always higher than the true stress 
at which the tensile deformation mode changed from linear to 
parabolic, as shown in the previous section. The linear 
deformation mode is caused by the piling up of dislocations 
while the decrease from the linear mode to parabolic is 
explained by the start of dislocation cross-slip. Thus if 
fatigue softening had occurred at stresses below those cor­
responding to the onset of the parabolic deformation mode it 
would be most difficult to relate fatigue softening to dislo­
cation cross-slip since the stresses were not high enough for 
it to start. Actually a small amount of fatigue hardening was 
found when samples were cyclically stressed at stress levels 
below those required to induce cross-slip. 
Table 8. Minimum true prestress where fatigue softening was 
detected by DPH tests 
Composition + 60^ Loading + 70^ Loading 
No. 
cycles 
Min. true 
prestress 
psi. 
No. 
cycles 
Min. true 
prestress 
psi. 
Copper 40,000 19,000 13,000 18,000 
56,000 18,000 
Cu-2# A1 18,000 30,000 4,500 24,000 
Gu-3.5# A1 35,000 44,000 9,300 40,000 
75,000 43,000 
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The Effect of the Sign of Prestress on Fatigue Softening 
All of the previous fatigue softening results were 
obtained from samples prestressed in tension. Thus it was of 
interest to see if the direction of the prestress affected 
the magnitude of fatigue softening. 
A copper sample was prestressed in compression to 40,100 
psi and then cyclically loaded at + 60^ of the prestress for 
10,000 cycles. It softened 30^ due to the cyclic loading. 
This value would fit the data given in Figure 15 for copper 
prestressed in tension quite well. Thus it was concluded 
that the direction of the prestress did not affect the magni­
tude of fatigue softening. 
A few samples that were not annealed were tested for 
fatigue softening. These samples were prestressed by rolling 
or swaging. The yield point was found and then the samples 
were cyclically loaded at + SOfo of the yield point. It was 
found by DPH testing that the copper sample was substantially 
softened but the actual magnitude of softening could not be 
calculated. The Gu-3.5# A1 alloy sample softened a lesser 
amount at cyclic stresses higher than those applied to the 
copper sample. Fatigue softening was not detected in the 
Cu-7^ A1 alloy by the tensile flow stress method. These 
results are the same as those found for samples prestressed 
in tension, thus qualitatively confirming the point that 
other methods of prestressing will produce similar results. 
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It was also of interest to see if fatigue softening could 
occur more than once in a copper sample. A sample was pre-
stressed to 33,600 psi and then cyclically loaded at + 60^ of 
this value for 10,000 cycles. After cyclic loading the sample 
was again loaded to find the flow stress. The loading was 
continued until the true stress was back up to 33,600 psi. 
This procedure was repeated twice giving, for consecutive 
tests, values of percentage fatigue softening of 24, 24 and 
22€. 
These results show that fatigue softening can occur more 
than once in the same sample. This indicates that the dis­
location sub-structure formed by cyclic loading probably is 
broken up on reloading and is subsequently reformed when the 
sample is cyclically loaded again. 
Future work 
The need for several additional research projects has been 
exposed by this research. One is to further verify the rela­
tion between stacking"fault energy and fatigue softening by 
testing other metals with known stacking fault energies. The 
effect of lowering the stacking fault energy of a given metal 
by lowering the test temperature should also be examined. The 
relationship of fatigue softening to fatigue failures at high 
cyclic stresses should be examined. Limited observations in 
this research indicate that high stress fatigue failures occur 
when the sample has softened so much that it can no longer 
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support the stresses "being applied. In this case the fracture 
mode is characteristic of a ductile tensile failure rather 
than crack nucleation and growth typical of a low stress 
fatigue failure. 
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SUr/E4ARY 
Fatigue softening was found to be directly related to 
stacking fault energy in the copper-aluminum alloy system. 
To obtain the maximum amount of softening three mechanical 
variables must be of the proper magnitude. 
a. The prestress'must be as high as possible to maximize 
fatigue softening. The method of prestressing does 
not appear to. be important. 
b. The cyclic stress should be completely reversed and 
relatively high since the amount of fatigue softening 
per cycle increases as the cyclic stress increases. 
If the cyclic stress is too high the sample will fail 
prior to developing the maximum amount of softening. 
c. The number of cycles must be nearly equal to the 
fatigue life or 40,000 cycles whichever comes first. 
The first cycle Bauschinger effects increase with decreas­
ing stacking fault energy; thus, they must be taken into 
account to prevent them from masking fatigue softening 
effects. 
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APPEND!]^ 
Tiie data sheets for the samples used to obtain Figures 
14-19 will be given in this section. They are classified by 
the figure number they were used in and by the cyclic testing-
treatment applied. 
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Figure 23. Data sheet for a copper sample (Ou-C-17) that was only prestressed 
and whose results were used in Figure 14 
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— 
1 I : DZERO 
1 1 Tb.3500' 
1 2 7 0.3548 
"i 3~ To.3627' 
1 4 0.3737 
1 g '1 0.3861' 
i 6 7 Ô.4Ôwj 
i 7 7 074239^ 
i 8 ; 0.4473 
i 9 i 0.4719 
i 10 ; 0.4927 
_i __ TôTsiîF 
: 
1 0 .5339" 
1 13 70.5571' 
; 14 1 0.5867 '  
: 15 1 0.6160 
16 '  j Ô.6496 
SAMPLE NUH8ER.-CU-C CQHPaSITION.COPPER 
LOAD» 2400 IBS. 70* 13,000. CYCLES 
I : -
TRUE STRAIN TRUE STRESS,PSI 
27 71 ft'. 
.268271 
0.09:08 
FINAL A FINAL D AZERO STRESS,PSI STRAIN DNESS.DPH 
0.3317 0.09621 0.08641 24945. 0.1134 0.1074 
u. 
0.1000 
67.3 
0.3375 0.09887 0.08946 0.1051 67.0 
0.10332 C.C9435 0.3466 23229. 0.0951 25437. 66.9 
0.3591 0.10968 0 . 1 0 1 2 8  2 1 8 8 1 .  0.0830 23697. 56.7 
0.3734 0.10951 0.117C8 2 0499. 0.0692 0.06:69 21917. 66.2 
0.3931 0.12863 G.12137 18658. 0.0599 19775. 65.4 
0.4130 1^.14113 
10115714 
5117490 
•P Xl.19066 
0.13396 17006 0.0535 0.0521 17915. 64.0 
0.4386 0.15109 15273. 0.0401 0.0393 15885. 62.0 
0.16909 13722. 0.4640 0.0343 0.0338 14193. 59.5 
0.4850 C.18474 12588. 0.0320 0.0 315 12991. 57.7 
0.5056 0.20573 0.20077 11666. 0.0247 11954 56.4 
0.5290 0.22388 
0.24376 
0.21979 10720. 0.01:84 0.0186 10920. 55.3 
0.5520 0.23931 9846. 0.0186 10029. 54.0 
:0.27035 0.5825 0.26649 8877. 0.0145 0.0144 9006. 52.9 
0 . 6 1 2 2  0.29802 0.29436 8053. 0.0125 0.0124 8153. 52.4 
0.6450 0.33142 0.32674 7242. 0.0143 O.OL42 7345. 51.5 
CO 
o 
Figure 25. Data sheet for a copper sample (Cu-C-31) that was prestressed and 
cyclically loaded at + 70% and whose results were used in Figure l4 
81 
-
: T RUE PRFST RIFSS, P-SI p E RCENT SOF TIENED 
DPH 7jC% 13,000C Y C. i 
1 912007 ~"o".c" 
2 0:000. 3 . 0  
I 2 11000- 5 . 8  
1 2 21000. 9 . 1  
; 2 310(00. 12. 2 
: 2 410G0. 1 5 . 4  
2 51000. 1 8 . 4  
! 2 61000 . 2 1 .  1  
2 7iC00. • 2 4 . 0  
2 81000 . 2 6 . 4  
DP H 6 hk 4 0 » 000 
: 
C Y C .  i 
j 1 81600. 0 . 0  
j 2 01000. 2 . 0  
j 2 21000. 5 . 5  
Î 2 41000. 1 0 . 0  
! 2 61000. 1 4 . 6  
2 aie CO. 1 9 . 6  
i 3 ojooo. 2 4 . 6  
; 3 2:000. 2 9 . 0  
3 4IOOC. 3 2 . 4  
60% 1 0000 CYCLE S 1 
! 
1 81350. - 1 . 0  _  
2 01260. 0 . 0  
2 21720. 5 . 0  
; 2 5i5CC. 1 2 . 0  
1 2 9iC7C. 1 8 . 0  
: 3 3:60 C. 2 4 . 0  
3 9 2 0 0 .  2 4 . 0  
! 4 11200. 3 0 . 0  
4 415 00. 3 3 . 5  
60% "~4iqQ60' CYCLE s 1 ' 
; 2 51700. 1 8 . 5  
. j 2 3 0 0 0 .  2.7.?. Q .. 
i 3! 5:300. 3 3 . 0  i 1 3!6'7C0. 3 3 . 5 .  J 
60% 2|C000 CYCLE s i 
— . — 
412000. 3 5 . 0  
60% 9 0 , 0 0 0  C Y C L E S  
! ' il I ; i • ! 
i : i i 212:000. i J i. ; _.6.0_ i 
Figure 26. Data sheet for copper samples whose results 
were used in Figure 15 
I 
î 
'4 
5 
'"6~ 
~7 
8~ 
T6" 
rr 
Ï2~ 
13 
TT 
15 
T6~ 
DZERQ 
Ô.3527 
6^3490 
0.3480"" 
0.3504 
0.355 8 
0^3630" 
0.3748 
6.3878" 
0.4039 
0.4217 
0^4465" 
ÔI'4?28 
ÔT4970" 
dissïF 
FINAL 0 
0.3195 
0:3135 ' 
0.~3Ï2Ô ' 
<0.3166 
! p.'3256" 
! V.-3354 -
0.3493 " 
0.3654 
i 01^384bT" 
i ' 
j 0 .405 2 " 
;~o7432"r • 
SAMPLE. NUKBER..2-C-2 
0.5661 
Ô:'6Ô34" 
0.4875 
0.5236 
0.5601 
10.5996 
AZERO 
.09 770 
.09566" 
.09511 
09643 
.C9943 
.ÏÔ349" 
.ïiC33" 
.il 811' 
O.Ï"28iI 
"PT. 13967" 
P.Ï56'58' 
17 557" 
IJ 
19400" 
i i 
'0:22204 
•qiisuc' 
11 
6.28596 
; INAL A 
! ; 
J0.C80Ï7 
P .'07719' 
0.07645 
iol07872 
'C'. 08296" 
iy.08835' 
~ Ho:C9583 
! i 
; "0.10486 
; 0%11629 
'" I Y: 12895" 
0.14671 
0 .167 20" 
: .0.18665 
MO: 215 3 2"" 
"' :CT2T639" 
! I 
"""r!o".282"3T' 
LOAO= 34 70 
STRESSIPSI 
35516. 
36273;" 
36482." 
35984."" 
349007"" 
33529." 
31451." 
29378. 
27C83. 
24845." 
2 2 1 6 1 .  
[9764. 1 
17887. J 
15628. I 
13786." 
121357 
COMPOS!! T.ION..COPP 
LBS 7 
STRAIN" 
0.2186 
6.2393 
6.2441 
6.2249" 
671985 
Ô717Ï4" 
6.15X3" 
6.1264 
6.1017' 
6.0831 
6.0673" 
0.6566 
6.0394 
6.0312 
6.0215" 
6.6127 
P.RESTRESS 
TRUE" ST 
6.19^7" 
6.21^5" 
I i 
0.218:4 
' 6.2 oil?" 
I : 
o.iajiji 
6.158:2" 
I i 
" 6.Ï4&9" 
ÎAIN TRUE 
o.iifeio 
0.096,9 
... [i_ 0.07,9,8 
0.065:1 
0.64'g8 
'6;63^& 
"6.03^7 
6.621:3 
6.6li6 
... 
-L 
I i 
ERr2?_ALUKlNUM.,_ 
STRES'STP 
A328Ï7 
449547" 
453877 
440787 
418297 
392757 
362117 
330967 
2M387 
269097 
Z36W7 
207537 
SI 
18590. 
161157 
14083. 
12289% 
HARDNESS,OPH 
105.0 
108.0 
16775" 
105.0 
10378 
9976 " 
o76~ 
9277" 
é'7^6~ 
8273 
7779" 
Ti\8~ 
7672" 
6b'^i~ 
6276" 
6071 " 
"H" 
Figure 27. Data sheet for a Ou-2€ A1 sample (2-0-2) that was only prestressed 
and whose results were used in Figure 16 
i SAMPLE NUMBER 2-C 
0A0= 3450 
AZERO 
q.09698 
q.0946'2 
0.09479 
FINAL A DZERQ FINAL D STR ESS*PSI STRAIN 
0.3514 0.3205 0.08C68 35573. 0 . 2 0 2 1  
0.07670 3 6460. 0.3471 0.3125 0.2337 
0.3474 0.3130 0.07694 36397. 0.2319 
0.3514 0.3207 35573. 0.09698 
Li-.. 
0.10196 
0.08078 0.2006 
0.3603 0.3326 0.C8688 33838. 0.1735 
0.3716 0.3470 O:. 10845 
q.ll934 
0.Ï2 946 
0.09457 31811 0.1468 
0.3898 0.3695 0.10723 28910. 0.1129 
0.4060 0.3885 0.11854 26649 0.0921 
0.4264 
0^4522 
0.4112 0.14280 
0rÏ6C6^ 
0.13280 24160. 0.0753 
21482. 0.4400 0.15205 0.0562 
Q.18C2C 19145. 0.4790 0.4693 0.17298 0.0418 
0,.20236 0.5076 0.4996 0.19604 17049. 0.0323 
0.5368 0.5306 0.22632 0 . 2 2 1 1 2  15244. 0.0235 
0.25446 0.5642 0.5692 0.25001 0.0178 
0.6072 0.6034 .2895 7 0.28596 11914. 0.0126 
0.6520 0.6503 .33388 0.33214 10333. 0.0052 
0% 18,500; CYCLES 
COMPOSITION COp'p ER-2% ALUMINUM 
TRUE STRAIN 
o.ia'ii 
I i 
o.Mbo 
'  0.2085' 
0.1828 ~ 
6.1600 
I ! 
6.1370 
6.1070 
M -
0.6881 
TRUE STRESS,PSI 
42764. 
44981." 
44837^ 
26 
i-
0.07 
0.1)5 
0.040:9 
"6.0318 
!'42710. 
j 39709. 
I : 
! 36481. 
321747 
291047 
25Ï79T 
! -
0.02 
Ô.Ô1 
0.0126 
O.OC 
32 
iA 
52 
22689. 
19945%' 
156037" 
13800. 
12065. 
10387. 
HARDNESS,OPH; 
! 
' r 0.0 ' 
0 .0  
95.1 
"93.6 
93.2 
91.4 
89.1 
8|7l8" 
~837'2 
7876 
"74.8" " 
" 7078 
67.8 
^279" 
6Î72" 
59l8' 
Figure 28. Data sheet for a Cu-2< A1 sample (2-0-5) that was prestressed and 
cyclically loaded at + 6o% and whose results were used in Figure 16 
84 
DPH 60 
DPH 71 ? 4500 CY 
% 18500 CY 
,O.Q.Ol_CY&L 
RUE PRtST RiESS, PS I  
3|0ic"6c" 
_3 21000, 
314'CCC, 
.3:6iGC0^, 
3 
.4 
4 
4 
8i00C, 
.QiC.C.O.. 
2|000, 
410 CO. 
4'COO. 
6iQ0C.,_ 
81000. 
moo. 
2|00C. 
61000. 
a'o.ccj. 
oiooo. 
2i00.0_  ^
41000. 
5000. 
.1 L 
E^CENT SOFT 
0 . 0  
—3.»..Q_ 
5 . 9  
_8_,.9_ 
1 2 . 1  
.15...0_ 
1 7 . 6  
2 0 . 2  
0 
_-4 
8 
u 
15 
JL.8 
2 0  
2 2  
23 
25. 
27 
. 0  
.-6_ 
.9 
.3.. 
.9 
.0 
.3 
,-JL 
. 8 
.2_ 
.3 
19.6 
ENED 
Figure 29. Data sheet for Cu-2^ A1 samples whose results 
•were used in Figure 17 
10 
TF 
ïl" 
Tr 
Ti~ 
15 
Tô 
OZERO 
Ô.3498" 
O.ÎSÔô" 
"Ô.355F 
0.3650 
6.3756' 
"Ô.392T 
0".VlÏ9~ 
ÔI435Ô" 
'or^si?' 
"ôTsôôy 
615298 
"6^.5614" 
"0.5943" 
0.6258" 
Ô.66Ï6 
FINAL 0 
0.3Ô6Ô'~ 
3.3077 ~ 
oT'nfô -
573313" 
1O7346T"~ 
oTaëeF" 
673926~ 
;AiERO 
6.09610 
0.09654 
^Ô994'8~ 
q7i046F 
O.ÏICSÔ" 
0.4190 
0.4427 
0.4651 
674920' 
57523 2' 
ÔIssfF 
O759CF 
O76245~ 
O766Ô6' 
0.12075 
0.13325 
0.14862 
0.16310 
O;. 17765 
d.Ï965ir 
Oi.22045 
247 53" 
Ôi727.740 
973 0 758 
«734378 
FINAL A 
0707354 
0707436" 
6767922" 
0708620 
0769441' 
07iÔ64F 
10AD» 4110 
STRESSTP'SI 
0.12106 
6713789"" 
67i5392~ 
0.16990 
0.19012 
6721499" 
6724^02" 
672740r 
6736«6"" 
0734274" 
-4 
42767. 
425727 
"41314^ 
392807 
3 709^ 
34038. 
30844. 
^7655. 
TFiôôii 
231357 
20915. 
T86447 
16604. 
148167 
13362". 
TÎ955. 
IBS. 
STRAIN" 
Ô.3068' 
Ô.2983" 
0.2557" 
Ô.2l"38" 
ÔU737" 
0.1347 
Ô7'i66r 
Ô.Ô778 
676596" 
Ô.Ô45T 
070336" 
Ô.Ô254" 
"0.014^" 
070122 
016642" 
076636 
RESTRËSS N 
TRUE STRAIN" 
0.26 
Ô.26  
0722 
Ô.Ï9 
6 . 1 6  
0.1 
TRUE 
.09:61 
_  '  _l i  Ô.0T49 
0.0579 
0.0446 
ô.oîsr 
0.02:91" 
0.01|4l3 
o7ôi 
ô.ôc 
ô.ôc 
22 
i-
ao 
STRESS,P 
558877 
552717 
5T8797 
476777 
435Ï67 
38621. 
339517" 
2980 77 
267017" 
241917 
216187" 
191177 
168437" 
14997. 
134187" 
11992. 
SI 
| _  
HAR0NESS76PH 
13576" 
Il 3 37 3" 
':1297O" 
;i2i76" 
"iT672" 
1107.6 
iîw."r 
]"9377" 
T8977" 
1"847"8" 
t"8677" 
i 75.7 
T 7276" 
1"7676" 
r^3" 
T 6775" 
Pigure 30, Data sheet for a Ou-3.5^ Al sample (3.5-0-10) that was only pre-
stressed and whose results were used in Figure 18 
8 
Tô~ 
__L 
11 
13 
T4 
ïs' 
16 
Î7 
18 
OZERO 
0.3506' 
0.3467 
Ô.3466 
0.3492 
0.3538 
6.3605" 
613726' 
6.3840' 
6.4000'^ 
Ô'.^ZÔV 
674442" 
6.4700" 
674954' 
6.5227" 
6.5530 
6.5 840 
0.6172 
0.6480 
FINAL 0 
0.3042 
'072940 
0.2941 
673013" 
^0.3117" 
1o73242 
6.3399" 
p73588~ 
P73794" 
074634" 
074305" 
'c7"459F 
"674869" 
P 75163' 
p7548 4" 
p75802 
p.6139 
0.6462 
jSAMPLE NUMBER..3^5-C 
:AZERO" ' 
'0769654 
0.09441 
I .L - . 
0.09435 
• Li 
,0.09577 
. Li 
,0:.09831 
pj. 10207 
"s:ro'869~ 
! -
à.1158Ï 
"'6.12566'" 
h _ _ 
p.13894 
07Ï5T97 
1 i 
,p. Ï73'49 • 
"5:192757-
I ; 
|6,.21450 
'6.24018 '  
I : 
0.26786 i i 
0.29919 
6.32979 
FÏNAL A" 
y. G7268-
0766789" 
10.06793" 
'0.07130 '  
'0707631" 
'0768255' 
p. 09074 
oTïôiîi 
0711365" 
6712781" 
6714556" 
6716554" 
0718626" 
6726936 
6723626" 
6726439" 
0729599" 
0.32796 
3- -
L:0AD='42Ï0 
S'TRESS7P"SI 
4 3608. 
445957" 
44621. 
43959. 
42823.~" 
4i2À6." 
38 735." 
36352." 
3 3502.-" 
3630 iT' 
2 7Ï6t7~" 
24266." 
21841. 
196267' 
17528. 
157177" 
"140727' 
12766. 
IBS. 
STRAIN 
6.3283' 
6.3906'" 
6.3889" 
0.3432' 
6.2884" 
6.2365 '  
6.1978 
6.1454" 
6.1115 
6.6871 
6.6647 
6.6486" 
6.0352" 
6.0249 
676168" 
6.0131 
6.616a 
0.0056 
5p? 35,066 
TRUE ST 
"' 6.28|3:9 
l'i 
• 6.'32j9!8' 
" 673285 
CQ/IEOS:ITIQN_CQPP_ER-3,.S%_A 
CYCLES 
FLAÏN TRUE: STRESS, 
1579267 
6.29'5:l " 
'2 5 A 
"2l;23 
I ; 
18.0:5 
O.Ï3|58 
' 6.Ï0|^7 
6.6835 
6.662:7 
0.64^9 
] : 
'o.oifié'"' 
; 
lOminum 
PSI 
;62015. 
]6l9737 
1590477" 
1551727' 
1516667" 
463977" 
:4Ï6387' 
1372397' 
1329467' 
•289237' 
1254327' 
! l226U7' 
U 
20109. 
6.6l,6> • 11178247 '  
0.0131 
I i 
6.6I|Q7" 
. . i.i .. 
0.0056 
-l!. 
:15923. 
1142237 
-128377 
_LJ-
!.i i.. 
HARDNESS,DPH 
131,0 
135.0 
131.3 
126.5 
124.8 
120.6 
111.2  
106.1 
100.5 
95.4  
89.0 
84.3 
78.T 
74.4 
70.5 
68.7 
00 
ON 
Figure 31. Data sheet for a Cu-3.5;^ Al sample (3.5-0-8) that was prestressed and 
cyclically loaded at + 60% and whose results were used in Figure 18 
: 
i  
LOAD: 3890 
i • 
LBS. 70% 9300 CYCLES 
I  !  '  OZERO '  \ FINAL O'  
Lj 
1 AZERO 
1 '  
•FINAL A STRESS,PSI STRAIN TRUE STRAIN TRUE STRESS,PSI HARDNESS,OPH 
I  0.3448 !  C.3074 " 
i 11 
A.09337 [0.07422 '  '  41661.  0.2581 0.2296 52415. 0.0 
2 0.3434 : 0 .3047 
!  :  . . . .  
0 .C9262 
; 
,0.07292 4 2001." 6.2702 0.2391 53348. 125.0 
3 1 0 .3454 : 0 .3085 0.0937C :0.C7475 i 41516.  6.2535 0.2260 52042. 124.0 
4 • 0 .3500 !  0.3163 0,09621 0.07658 i 40432.  6.2244 0.2025 49506. 0.0 
5 0.3585 '  0.3289 0.10094 0.08496 .  38537.  0.1881 0.1723 45786. 116.0 
6 0.3705 0.3450 6.1078Ï " •0.09348 " :  3  6081. '  6.1533 0.1426 41612. 110.7 
7 0.3836 0.3624 0.11557 0.10315 •; 33659.  [ 0 .1204 0.1137 37712. 107.2 
8 0.4042 0.3877 0.12832 0.11805 '  30316.  0.0869 0.0834 32951. 102.2 
9 0.4243 0.4113 0.1414C 0.13286 27512. 0.0642 0.0622 29278. 95.5 
10 0.4480 0.4377 0.15763 0.15C47 24678. 0.0476 0.0465 25853. 91.0 
11 0.4817 0.4745 6.18224 0.17683 21346. 0.0306 0.^301 21998. 83.4 
12 0.5187 0.5138 0.21131 0.20734 18409. 0.0192 0.0190 18762. 76.6 
13 0.5546 0.5516 0.24157 0.23897 16103. 0.0109 0.0108 16278. 72.3 
14 0.5928 0.5914 0.27600 0.27470 '  14094. 0.0047 0.0047 14161. 69.8 
15 0.6302 0.6293 6.31192 0.31103 '  
.. :. 
• 1 
12471. 
• 1 1 
! 
0.0029 0.0029 12507. 68.4 
Figure 32, Data sheet for a Cu-3.5^ Al sample (3.5-0-4) 
cyclically loaded at + 70% and whose results 
that was prestressed and 
were used in Figure 18 
88 
i - '  DATA FOR F IG.UB.E i.a_ CU-l.S % AI 
j 
! ' 
T RUE PREST RIESS, PS I P E RCENT SOF T ENEO 
1 • DPH 6 0 t 35500 C Y C. 1 
.1 •  
1 • 1 . . 
4 
4 
o
 o
 
o
 o
 
0 . 0  
0 . 7  
i ••• 
4 
4 
61000 . 
81000.: 
.  1 . 3  
2. 1 
1M t n ; ; 
01000. 
21000. 
2 . 8  
•  3 . 8  
: 41000. : • 61000. ;  5 . 0  6 . 8  
81000. • 
oiooo.' 
.  .  '  8 . 3  
9 . 3  
1 ^ . 
1 DPH 7 0 % 9300 CY C 
, , 6 21000. • 
1 -, :• 
10'. 6 
1 - 1 '  =  ;  : ' 4  
i ! . : X: i... 
01000. 0 . 0  
1 
1 : 
4 
^ 4 
21000. i ; 
41000. 
1,.4 . 
2 . 7  
' , " 4 
' 4 
61000. : 
dooo. • 
3 . 7  
5 . 0  
.  : 5 
5 
o;oco, . • 
2:000. 
;  5 . 6  
6 . 1 
60% 1 0 ,000 CYCL E S 1 
1 
. - o 
: TiOOO. 2300. .  - 1 . 0  • 3 . 5  
:  :  : j  : :  
4700. : : 
2000. ^ / 
4 . 2  
7 . 5  -
60% 4 0 ,000 CYCL E 
' : •: ; : 
60% 2 0 ,000 CYCL E 
' ; 5 
s . 
0:500. : 
1 ' : : ' '  ; 
4 .  0 
i. 5 
i ' - M : 
91400. 10 .0 
' 
Figure 33. Data sheet for Cu-3.5# A1 samples -whose results 
were used in Figure 19 
